The photophysics of tryptophan is discussed and a model capable of rationalizing the photophysics of almost twenty derivatives of tryptophan is proposed. The model is based on conformers about the Ca-C bond and the relative rates of charge transfer from indole to various electrophiles. Three new tryptophan derivatives were synthesized to test the model. Accurate predictions concerning the relative fluorescence lifetimes and the form of the fluorescence decay law are made for tryptophan and seventeen of its derivatives, including the three new derivatives.
INTRODUCTION
This paper presents results of our studies in three areas" the photophysics of tryptophan and its simple derivatives; the mechanism of energy transfer in, and the layout of, the proteins and smaller peptides and the fluorescence of tryptophyl residues has been widely exploited in this regard. [3] [4] [5] Recently, however, it has been found that the fluorescence decay of isolated tryptophan is nonexponential but may be fit well to sums of two and three exponentially decaying components. 6 Thus, the intrinsic nonexponentiality of tryptophan makes the protein fluorescence more difficult to interpret. In tryptophan, the nonexponential decay arises from two sources: one that is independent o pH rom 4 to 8 and one that is strongly dependent on pH for pH > 8. We will not dwell on the pH dependent nonexponentiality, it is discussed in detail in Ref. 7 . Rather, in this paper we will discuss the pH independent nonexponentiality which occurs for the N-terminal tryptophyl compounds in the so-called pH independent range and for the C We have also carried out extensive studies of the temperature dependence of the nonradiative rate. TM Table II presents some of our data. Particularly striking in Table II is the finding that for the two components of the double exponential decays the activation energies are identical within experimental error and the differing lifetimes arise from changes in the frequency factor. Also notable is the similarity of the activation energies from derivative to derivative.
The model for tryptophyl derivative photophysics
We take as our initial assumption that the A, B and C rotamers (see Figure 3 ) do not interconvert quickly during the excited state lifetime.
Second, we assume that in tryptophyl-containing compounds the dominant mode of nonradiative decay is charge transfer from the indole ring to an adjacent electrophile (e.g., a carbonyl carbon). Third, we suggest that this charge transfer, in addition to being a temperature dependent process, has a rate which is dependent on the proximity of the electrophile to the indole nitrogen and the electron affinity of the electrophile.
Given the above we suggest that the short decay component in NATE, for example, arises from rotamers B and C in which the ester The activation energies and frequency factors correspond to the nonradiative rates associated with the various lifetime components which decrease in the order '3 > '2 > FIGURE 3 The A, B, and C rotamers about the C--C tryptophyl bond. Trp: R=NH R'=CO EE: R=COOEt R'=COOEt. NATE: R=NHCOCH3 R'= COOEt AE: R =CONH2 R'= COOEt. NATA: R NHCOCH3 R' =CONH2 AA: R CONH2 R' CONH2.
exponential. Measurement of the fluorescence decays (Table I) The photosystem I mutant shows no detectable P700 signal and no CPI band on SDS native and non-native electrophoretic gels. 3 The photosystem II mutant is missing polypeptides associated with PSII 5 and shows no DPC-DPIP reduction activity. 6 The PSI and PSII mutants both contain approximately wild-type levels of chlorophyll a/b protein taking into account the loss of one of the two photosystems and associated core chlorophyll (chl a :chl b 2.0). 39 and will not consider them in detail here. Instead we will describe some recent studies in which we have investigated the spectrum of the third order susceptibility and utilized the optical heterodyne technique 4'41 to detect, separately, the real and imaginary contributions to the susceptibility. Our experiments are based on a double color synchronously pumped dye laser which is described in detail in the next section.
Experimental
We have constructed a version of a tandem, intersecting cavity dye laser first described by Frigo et al. 2 This dye laser, shown schematically in Figure 4 , employs the conventional cavity of a Rhodamine 6-G synchronously pumped dye laser to which a second dye jet, with focusing and recollimating mirrors, has been added. The absorption band of the second dye overlaps the lasing spectrum of the first, and acts as a saturable absorber in the first cavity. This permits the first cavity to be operated near threshold (i.e., with good mode locking) when the output coupling is low (---2-5% T). The second cavity is then defined by placing an additional set of mirrors around the second dye jet and at either end of the cavity. Care must be taken to position the high reflecting end mirror of the second cavity at a distance from the second dye jet that is slightly greater than the distance in the first M1 ._..,----------,,T2 M3F.. Mirrors M1 are 7.5 cm radius, Mg_ is 5 cm and M3 is flat. The distance along the solid line from J2 (the cresyl violet jet) to OC1 is the distance D1 defined in the text. Likewise, the distance along the dashed line from M3 to J'2 is D2.
cavity from the saturable absorber to the output coupler of the first cavity (D1 -D2+/-Ad in Figure 4 ). The distance Ad is defined by the time interval over which the integral of the --5 ps "pumping" pulse of the first dye laser rises from 10 to 90% of its maximum value. This integral defines the temporal profile of the gain in the second dye laser. Only when the dye laser pulses in the second cavity overlap this region of the gain profile will the synchronization between the pulses in each cavity be reinforced. This distance corresponds to a translation of the second cavity high reflector of ---2 ram. This configuration results in two independently tunable dye lasers which intersect at the gain medium of the second cavity. The design utilizes the high intracavity power of the ion laser pumped dye laser to drive the gain medium ot the second cavity with the mode locking advantage of very short pumping pulses. We have constructed the dye laser from two Coherent CR599 dye laser modules, one of which was modified to accomodate the extra mirror set around the dye jet shown in Figure   5 . spectrum (arrow) and the probe in the major long wavelength band.
The solid curve in Figure 6 is the normalized initial signal height plotted as a function of probe wavelength. Figure 6 indeed resembles a roughly 2' 1 superposition of a Lorenzian and a dispersion line.
Optical hetetodyne
The birefringent and dichroic contributions to the signal in Figure 6 arise from the real and imaginary parts of the third order susceptibility: 
